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CentrosomeFormins have recently been recognized as prominent regulators of the microtubule (MT) cytoskeleton where
they modulate the dynamics of selected MTs in interphase and mitosis. The association of formins with the
MT cytoskeleton and their action on MT dynamics are relatively unexplored areas, yet growing evidence
supports a direct role in their regulation of MT stability independent of their activity on actin. Formins
regulate MT stability alone or in combination with accessory MT binding proteins that have previously been
implicated in the stabilization of MTs downstream of polarity cues. As actin and MT arrays are typically
remodeled downstream of signaling pathways that orchestrate cell shape and division, formins are emerging
as excellent candidates for coordinating the responses of the cytoskeletal in diverse regulated and
homeostatic processes.
© 2010 Elsevier B.V. All rights reserved.1. Regulation of MT dynamics and MT stabilizing proteins
MTs are polarized polymers assembled by the lateral interaction of
12–15 protoﬁlaments. Each protoﬁlament is composed of α/β tubulin
heterodimers that are held together by non-covalent bonds [1–4]
(Fig. 1A). Because the α/β tubulin heterodimer polymerizes in a head
to tail fashion and is intrinsically a polarized molecule, the resulting
microtubule is a polarized polymer with α-tubulins exposed at one
end (the “minus” end) and β-tubulins at the other (the “plus” end)
[4]. Tubulin heterodimers can add onto or dissociate from either end
of a microtubule, but there is greater tendency for addition to occur at
the faster growing “plus” end. In most cells, the minus end is typically
anchored to nucleating factors, such as the γ-tubulin complex, somost
dynamics occur at the plus end.
MT dynamics are characterized by phases of slow growth and rapid
shrinkage with infrequent transitions, known as catastrophe and
rescue, between these two states (Fig. 1B). This behavior, termed
dynamic instability, was originally described using puriﬁed tubulin
assembled in vitro [5], but is also characteristic of MTs in vivo. The β-
subunit of tubulin binds GTP and this is hydrolyzed upon assembly
into MTs (Fig. 1). It is thought that the maintenance of a small cap of
GTP-containing subunits at the end of the MT promotes growth,
whereas the exposure of a GDP-containing subunit promotes
shrinkage. MT dynamics in vitro and in vivo are also dependent on
regulatory proteins such as microtubule associated proteins (MAPs)
and members of the kinesin family of molecular motors. Conventionald Cell Biology, 630 West 168th
12 305 1899; fax: +1 212 305
n).
l rights reserved.MAPs, such as tau andMAP2, contribute to the stability of MTs by their
ability to bind adjacent tubulin subunits within a MT and may
contribute to higher orderedMTarrays by bundlingMTs [6]. XMAP215
and its homologs are unconventional MAPs in that they bind tubulin
heterodimers and promote MT polymerization by enhancing tubulin
heterodimer association with growing MT plus ends [7–9]. Since they
remain associated with MTs through multiple rounds of subunit
addition, they have been referred to as MT polymerases. Members of
the “KinI” class of kinesins generally do not possess motor activity to
translocate along MTs, but instead act as MT depolymerases to rapidly
disassemble MTs [10–12]. Another class of MT-interacting proteins are
plus-end tracking proteins or +TIPs that preferentially interact with
the plus end of growing MTs and often mediate MT plus-end
attachment to cortical or intracellular sites in response to signal
transduction pathways that regulate MT stabilization and positioning.
We refer the readers elsewhere for most recent advances on these
proteins [13].
MT dynamic instability has been proposed as a general mechanism
by which MT plus ends probe the cellular environment in search of
contacts with target sites or organelles distributed throughout the cell
(the “search and capture” model) [14]. For example, during mitosis
MT capture has been implicated in kinetochore attachment of
chromosomes to spindle MTs and this is essential for spindle
assembly. In migrating cells, attachment of MT plus ends to cortical
sites is responsible for the selective stabilization of a subset of MTs
oriented towards the wound edge and for the reorientation of the
centrosome to the direction of migration.
Here, we summarize the literature on the biochemical activities of
formins toward MTs, the localization of formins to the MT cytoske-
leton and their role in modulating the dynamics and functions of MT
arrays in cellular processes (Table 1).
Fig. 1.Microtubule structure and dynamic instability. (A) A MT is a polarized polymer of α/β tubulin heterodimers. During polymerization the GTP bound to the β tubulin subunit is
hydrolyzed (GTP is also bound to the α-subunit, but this is not exchangeable or hydrolyzed). GTP-bound subunits decorate the plus end while GDP-bound subunits form the core of
the MT. The minus end of the MTs is usually anchored to nucleating material in cells and does not exchange subunits. (B) MT dynamic instability. In most cells MTs alternate between
phases of polymerization and depolymerization at their plus ends. Transitions from shrinkage to growth are known as rescues while the opposite reaction is know as catastrophe.
Most MT dynamics in vitro and in vivo can be described by the rates of growth and shrinkage and the frequencies of rescues and catastrophes.
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The recognition that formins may regulate MTs initially came from
in vivo studies (see below). Only recently have biochemical studies
begun to explore how formins interact with MTs and affect their
dynamic properties. An initial indication that formins might directly
interact with MTs to alter their dynamics came from a study showing
that a constitutively active form of mDia2 lacking its regulatory
domains co-localized with a subset of MTs in vivo and could bind to
MTs when synthesized in vitro [15]. Subsequent studies have shown
that at least four of the mammalian formins (mDia1, mDia2, Formin1-
Ib and INF1) and one of the Drosophila formins, Cappuccino (Capu),
can interact directly with MTs [16–19]. The MT binding site for mDia1,
mDia2 and Capu appears to be within the FH2 domain, the same
domain required for actin ﬁlament elongation (Fig. 2). Given that the
FH2 domain is the most widely conserved domain among formins it is
likely that other formin family members will be found to interact with
and affect the dynamics of MTs through this domain. Interestingly, anTable 1
Association of formins with the MT cytoskeleton and their action on MT arrays in vivo.
Formin Rho GTPase MT effect MT localiz
mDia1 Rho Stabilization Glu MT pl
Alignment with actin Unknown
Centrosome orientation Centrosom
Spindle position Midbody,
Stabilization Unknown
mDia2 Rho, Cdc42 Stabilizationa Interphase
Unknown Midbody
Stabilization Unknown
mDia3 Cdc42 Stabilization Kinetocho
FHOD1 Rac1 Alignment with actina Unknown
INF1 Unknown Stabilization Interphase
Alignment with actina Interphase
Formin 1-lb Unknown Unknown Interphase
Cappuccino Rho Alignment with actin Unknown
Bni1 Rho1,3 Orientation Unknown
For3 Rho3 Orientation Unknown
a Overexpressed protein.FH2 containing fragment of INF2, a mammalian formin with a unique
biochemical ability to accelerate actin ﬁlament depolymerization in
addition to promoting actin ﬁlament assembly [138,139], has been
recently found to bind to MTs with at least as high afﬁnity as mDia
(Ramabhadran and Higgs, personal communication).
Whereas the FH2 domain appears to be generally involved in linking
diaphanous-related formins (DRFs) to MTs, other regions have been
implicated in binding MTs in other formins. Formin1 has a number of
splice variants and an alternatively spliced N-terminal domain encoded
by exon-2 (isoform Ib) was found to be necessary and sufﬁcient for
localizing Formin 1-Ib to MTs in vitro and in vivo [16]. Unlike mDia, the
MTassociated sequencedid not appear to induce anygross change inMT
organization or in cell shapewhen overexpressed, indicating that it may
primarily act as targeting signal rather than a MT regulating motif [16].
With the exception of isoforms IV and V, the exon-2 encoded peptide is
shared by all the remaining Formin1 isoforms, indicating a conserved
function [16]. Exon-2 does not exhibit homology to other formins orMT
binding domains [16]. Interestingly, immuno-gold localization ofation Cellular process References
us ends Cell migration [15,44,45,48]
Cell elongation [122]
e Cell migration, T cell-target interaction [46,99]
spindle MTs Mitosis, cytokinesis [65,72,82,83]
Virus infection [94]
MTs Cell migration [15,18,45,48]
Cytokinesis [82,83]
Virus infection [85]
re Mitosis [73]
Cell elongation [125]
MTs Unknown [19]
MTs Unknown [19]
MTs Unknown [16]
Cytoplasmic streaming in oocytes [17]
Nucleus/spindle orientation [135–137]
Polarized cell growth [119,120]
Fig. 2.MT binding regions on formins. The diagram represents the linear organization of
domains in an idealized diaphanous-related formin. The domains known to interact
with MTs or MT-interacting proteins for each of the formins are indicated. Note that
most formins function as dimers and that Formin 1-Ib does not have a GBD or a DAD
domain. GBD, GTPase binding domain; DID, DAD-interacting domain; DD, dimerization
domain; CC, coiled-coil domain; FH1, formin homology 1; FH2, formin homology 2
domain; DAD, diaphanous autoregulatory domain.
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along MTs in primary ﬁbroblasts, suggesting that multiple MT targeting
motifs are present in this class of proteins [20].
MT binding through a previously uncharacterized domain has also
been reported for INF1, a relatively unexplored formin with the FH1
and FH2 domains near the N-terminus and a C-terminal region
consisting of a unique polypeptide sequence [19]. INF1 was shown to
directly associate with MTs via a novel bipartite MT binding domain in
the C-terminal region whereas no binding to MTs was detected with
an isolated FH2 domain of INF1 [19].
To date, the only formin–MT interaction characterized in anydetail has
been that of mDia2. The FH1FH2 fragment ofmDia2 binds toMTswith an
estimated Kd of 6.1 μMand a stoichiometry at saturation of 1:4.7 (mDia2:
tubulin). These results suggest that FH1FH2mDia2 binds along the MT
lattice, a prediction conﬁrmedby localizing theproteinonMTs invitro [18].
The effect of formin–MT interactions on MT dynamics has also
begun to be explored with in vitro experiments. The FH1FH2 fragment
of mDia2 stabilizes MTs against cold- and dilution-induced depoly-
merization, suggesting that it reduces tubulin subunit dissociation
fromMTs. Similar results have been obtainedwith the FH1FH2 domain
of mDia1 (Bartolini & Gundersen, unpublished observation). Analysis
of the dynamics of MTs grown off axonemal seeds, revealed that
FH1FH2mDia2 slowed the rate of MT assembly by about 30% and the
disassembly rate by 50%, although some MTs stopped depolymerizing
completely [18]. Given that traditional MAPs, such as tau and MAP2,
stimulate the rate of polymerization, this suggests that mDia1 and
mDia2 may represent a unique class of MT regulators. The effects of
other formins on in vitroMT dynamics have not been reported as yet.
In addition to their effects on MT dynamics, several studies show
that formins can bundle MTs in vitro or bundle MTs with actin
ﬁlaments. At high concentrations, FH1FH2mDia2 bundles MTs in vitro
[18]. This bundling activity does not seem to be required to stabilize
MTs from depolymerization [18]. An FH2 fragment of Capu was
reported to cause crosslinking of MTs with actin ﬁlaments in vitro [17].
Since Capu interacts with both MTs and actin ﬁlaments via its FH2
domain, this activity may reﬂect the dimeric nature of Capu or the
formation of Capu oligomers.
3. MT stabilization in migrating cells
Most MTs in interphase cultured cells exhibit dynamic instability
and short half-lives (5–10 min). Yet, it has long been known that asubset of MTs does not undergo dynamic instability and have much
longer half-lives (N1 h) [21,22]. These long-lived MTs (hereafter
referred to as “stable MTs”), also show enhanced resistance to MT
depolymerizing agents and accumulate post-translational modiﬁca-
tions, such as detyrosination and acetylation, as a result of their
longevity [23–26]. Stable MTs are found in polarizing cells (usually
oriented along the axis of developing polarity) and generally increase
in numbers in differentiated cells [27–30]. The post-translational
detyrosination and/or acetylation of tubulin comprising stable MTs
enhances the interaction of kinesin-1 with MTs [31–33] allowing for
preferential transport of certain cargoes such as vimentin ﬁlaments
[34,35], recycling transferrin receptors [36], and JIP1 [33].
The molecular basis for the selective formation of stable MTs
among an array of dynamic MTs has remained an enduring problem in
cell biology. A distinguishing property of stable detyrosinated MTs
(termed “Glu MTs” after the new C-terminal glutamate residue of α-
tubulin exposed by detyrosination) is that they do not add or lose
subunits at their growing plus ends indicating that their ends are
distinct from dynamic MTs [21,22]. Indeed, a study employing a
permeabilized cell model showed that the resistance of these stable
MTs to either incorporate or lose subunits was lost if the stable MTs
were ﬁrst experimentally severed [37]. These studies suggest that
stable Glu MTs may arise by a capping activity working on the ends of
the MTs. Traditional MAPs, such as MAP2 and tau, tend to enhance the
stability of the entire array of MTs within the cell (or cell
compartment) and do not cap MTs, suggesting that a new type of
MAP must be involved.
Studies of the regulation of stable MTs in migrating ﬁbroblasts and
other cells have recently lead to the idea that themDia class of formins
plays a key role in formation of stable MTs. In wounded monolayers of
migrating ﬁbroblasts, stable Glu MTs selectively form in the leading
edge of the cell before migration and hence are oriented in the
direction that the cell will migrate [38]. Treatment of starved
ﬁbroblasts with serum or lysophosphatidic acid (LPA), which was
identiﬁed as the active, stable MT inducing factor in serum, induces
the formation of stable MTs within 5 min suggesting that a signal
transduction pathway regulates the formation of these stable MTs
[39,40]. Based upon the known activation of Rho GTPase downstream
of the LPA receptor [41,42], Rho was tested and found to be necessary
and sufﬁcient for the induction of stable Glu MTs in ﬁbroblasts [40].
mDia was subsequently identiﬁed as the Rho effector mediating Rho
stabilization of MTs in ﬁbroblasts by using a Rho effector domain
screen in which a series of Rho effector domain mutants with known
effector binding proﬁles [43] was screened for their ability to
stimulate Glu MTs [15]. Activation of endogenous mDia by expressing
the Dia autoregulatory domain (DAD), stimulates Glu MT formation
even in cells where Rho is inhibited showing that mDia is sufﬁcient to
induce MT stability and that other Rho effectors are not necessary
(Fig. 3). Recent studies using RNAi approaches have found that mDia1
is essential for generating stable Glu MTs in a number of different cell
types, including ﬁbroblasts [44,45], glioma cells [46] and endodermal
cells [47].
How does mDia contribute to MT stability in vivo? Early studies
showed that the MT stabilizing activity of mDia towards MTs in cells
resides within its FH2 domain [15,48]. This raised the possibility that
mDia may mediate its effects on MTs through the well-characterized
ability of the FH2 domain to nucleate and elongate actin ﬁlaments
[49]. However, a recent study showed that FH2 domain fragments of
mDia2 with point mutations that block mDia2's ability to stimulate
actin polymerization in vitro and in vivo, still induce stable Glu MT
formation in starved ﬁbroblasts [18]. As mentioned earlier, biochem-
ical studies now support the idea that mDia 1 and 2 have independent
activity to stabilize MTs in vitro [18].
Although mDia has intrinsic stabilization activity toward MTs, it is
likely that in cells, mDia works in conjunction with other proteins to
generate capped and long-livedMTs. In the biochemical study referred
Fig. 3. Active mDia induces the formation of Glu MTs in ﬁbroblasts. A–F, Constitutively actin ΔGBDmDia2–MycGFP was microinjected into nuclei of serum-starved NIH3T3 cells, and
after 3–4 h, cells were ﬁxed and immunostained for stable (Glu) and dynamic (Tyr) MTs and actin. One cell is shown in A–C, another in D–F (arrows denote expressing cells; GFP
ﬂuorescence is not shown for cell in D–F). A, GFP; B, E, Glu MTs; C, F, Tyr MTs; D, actin. The Glu MTs in the mDia2-expressing cell in (E) are oriented towards thewound edge, whereas
those in the expressing cell in (B) are not. G–L, DAD–mycGFP was microinjected into nuclei of serum-starved NIH3T3 cells, and after 3 h cells were ﬁxed and immunostained for Glu
and Tyr MTs and actin. One cell is shown in G–J, another in K, L (arrows denote expressing cells; GFP ﬂuorescence is not shown for cell in K, L). G, GFP; H, K, Glu MTs; I, L, Tyr MTs; J,
actin. The Glu MTs in these cells were oriented towards the wound edge as seen in (E). Scale bars, 20 μm. Reproduced by permission of the authors [15].
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depolymerization of MTs upon dilution-induced disassembly, sug-
gesting that additional regions of the molecule or additional proteins
may be needed to generate fully capped and stabilized MTs. In
ﬁbroblasts, mDia1 binds directly to EB1 and adenomatous polyposis
coli protein (APC), two MT +TIPs, and appears to function upstream
or perhaps in concert with these factors [48]. EB1 and APC also bind
directly to each other and domain binding studies with mDia2
indicate that it is possible that the three proteins may form a complex
to stabilize MTs [48].
mDia may also regulate the activity of kinases that contribute to
MT stability. LPA treatment of starved ﬁbroblasts stimulates the PKC
dependent phosphorylation of GSK3β leading to the inhibition of its
activity [50]. Notably, mDia1 was recently shown to be necessary for
the LPA stimulated phosphorylation of GSK3β through a pathway
involving novel isoforms of PKC (nPKCs) [45]. GSK3β is a known
negative regulator of MT stability and in neurons it seems to
phosphorylate MAPs leading to decreased MT stability [51–53]. In
non-neuronal cells, the targets of GSK3β phosphorylation are
unknown, but APC is a prominent substrate raising the possibility
that GSK3β may regulate MT stability through this protein. The
constitutive phosphorylation of MT stabilizing proteins by GSK3βmay
explain the observation that acute treatment of cells with protein
phosphatase inhibitors selectively destabilizes stable MTs [54].
The question of whether or not mDia1 may also contribute to
regulating the properties of dynamic MTs has been raised in a numberof studies. Breast carcinoma cells form broad lamellipodia and lamella
in response to growth factor stimulation [55,56]. MTs normally
penetrate the broad lamella, but in the absence of mDia1, they fail
[56]. Disruption of Memo, an effector of the ErbB2 receptor, or Rho
GTPase yields a similar phenotype andmeasurements of MT dynamics
in Memo depleted cells showed that MT dynamics were altered with
increased catastrophes and decreased rescues. Whether formation of
stabilized MTs was affected was not tested, yet these results suggest
that mDia1 may be important to maintain growing MTs in breast
carcinoma cells.
While virtually all studies in migrating cells (and neurons and
dividing cells, see below) consistently ﬁnd that the mDia family of
formins promotes MT stability, there is one report that mDia1 has the
opposite effect. In osteoclasts, which are large multinucleated cells
that make adhesive contacts with the substratum known as podo-
somes, mDia1 or Rho activation, inhibits the formation of stabilized,
acetylated MTs [57]. Interestingly, in osteoclasts mDia1 interacted
with HDAC6, a tubulin and cortactin deacetylase. The same study
conﬁrmed the importance of Rho in promoting stable MTs in
ﬁbroblasts, indicating that the results in osteoclasts are cell type
speciﬁc. These results emphasize that cellular context is likely to be
important for how formins affect MTs.
Although mDia1 is both necessary and sufﬁcient in generating
stable MTs in several cell types, it was recently reported that full
length INF1 and its C-terminally located MT binding sequence alone
were sufﬁcient to induce MT bundling and formation of acetylated
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signiﬁcant reduction in the levels of acetylated MTs (but not Glu
MTs) was observed when INF1 expression was silenced by siRNA [19]
suggesting that this formin may have a necessary role in those cell
types in which acetylated MTs are required for maintenance or
differentiation.
4. MT stabilization in neurons
Stable MTs are abundant in axonal processes and are required for
proper axon speciﬁcation and outgrowth and for neuromuscular
junction formation [58–60]. A recent study used local activation of
photoactivatable taxol to show that increasing MT stability alone was
sufﬁcient to enhance axon formation and outgrowth from one of the
undifferentiated minor neurites of hippocampal cells [61]. Using
overexpression of dominant negative and constitutively active
constructs as well as siRNA knockdowns, Rho and mDia1 [62] and
mDia2 [63] have been shown to play a role in axon elongation in
cultured cerebellar granular cells. These studies attributed the axon
promoting effects of mDia to Rac GTP levels [62] or the binding of
mDia to the PAX6 transcription factor, which is involved in process
outgrowth [63]. Given the mobilization of the actin cytoskeleton and
formation of stable MTs during axon outgrowth, it is important to
determine whether the capabilities of formins to regulate these
processes are important for axon outgrowth.
A study of the Drosophila neuromuscular junction (NMJ), showed
that Diaphanous, an ortholog of themammalianmDia, but not Capu, is
involved in the growth of the NMJ and functions downstream of the
tyrosine receptor phosphatase Dlar and the Rho-GEF trio [60]. A loss of
function Diaphanous mutant showed reduced bouton number but
increased size and disruption of actin foci and stable MTs within the
NMJ. Measurements of MT growth using GFP-EB1 revealed that
growth rates were increased in the Diaphanous mutant, suggesting
that the formin may play a signiﬁcant role in regulating MT stability in
the NMJ.
5. MT stabilization in cell division
Formins are well-established regulators of cytokinesis where they
are thought to contribute to the assembly of the cytokinetic ring [64].
However, there is growing evidence that they may also contribute to
the assembly or function of the mitotic spindle through their effects
on MTs. The initial observation that suggested that formins may affect
the mitotic spindle was the localization of mDia1 to kinetochore and
astral MTs following detergent extraction [65]. This spindle localiza-
tion was independent of RhoA binding or the integrity of the actin
cytoskeleton [65]. Point mutations within the N-terminal Dia-
inhibitory domain (DID) and the adjacent coiled-coil domain (CC)
inhibited the association of GFP-tagged mDia1 to the spindle,
suggesting a role for this region in the association of mDia1 to spindle
MTs [65]. Interestingly, the homologous region in Fus1 and Cdc12, two
formin-related proteins implicated in the localization of actin
structures during mating and cytokinesis respectively in S. pombe,
co-localizes with γ-tubulin in the spindle pole body in growing yeast
cells [66], suggesting that tubulin targeting sequences present in
related formins may be evolutionarily conserved.
The same N-terminal region in mDia1 was also identiﬁed in a two
hybrid screen as an interacting site for PKD2 [67], a cation channel that
when mutated accounts for ∼15% of type 2 forms of autosomal
dominant polycystic kidney disease [68–70]. PKD2 co-localized with
mDia1 to the mitotic spindle and down-regulation of mDia1 by RNAi
resulted in the loss of PKD2 speciﬁc signal from the spindle of dividing
HeLa cells. As mDia1 depletion also signiﬁcantly decreased intracel-
lular Ca2+ release, the authors speculate that PKD2-mDia1 interaction
may be critical for Ca2+ release during mitosis. Whether this process
affects MT dynamics or the function of the spindle is yet to be tested.mDia1 has also been implicated in early mitotic spindle organiza-
tion where it appears to function downstream of the Rho-GEF Lfc and
Rho. Lfc associates with MTs both in interphase and mitosis [71,72].
Inactivation of Lfc by siRNA, Rho inhibition by C3 treatment and
injection of an anti-mDia1 antibody into prophase Rat-2 cells all
induced mitotic arrest and a disorganized mitotic spindle [72]. A
detailed analysis revealed that the spindle was rotated about the z-
axis and that kinetochores failed to attach properly to spindle MTs
[72]. mDia1 has not been speciﬁcally localized to kinetochores, so it is
possible that the lack of attachment of kinetochores to spindle MTs
may be an indirect effect of mDia1 on tethering of astral MTs to the
cortex. Interfering withmDia1 did not affect spindle function in all cell
types (for example, no effect was seen in HeLa cells). While this may
reﬂect cell type-dependent differences in the requirement for mDia1
or mDia3 (see below), it clearly raises the need for further studies on
the role of formins in early spindle function.
Another formin, mDia3 has been speciﬁcally localized at kineto-
chores and been implicated in the proper assembly of the metaphase
spindle and the congression of chromosomes to the metaphase plate
[73]. mDia3 is regulated by Cdc42 and this lead to its identiﬁcation as
the likely downstream effector mediating Cdc42 effects on spindle
assembly early in mitosis. In HeLa cells, mDia3 localization to
kinetochores is Cdc42-dependent and dominant negative Cdc42 or
mDia3 (but not mDia1) knockdown both caused inhibition of
prometaphase progression as revealed by chromosome misalignment
and maintenance of Mad2 localization to kinetochores of mis-aligned
chromosomes [73]. Inhibition of mDia3 ultimately resulted in
chromosome missegregation and aneuploidy [73]. Importantly, Y.
Mao and colleagues have found that mDia3 knockdown in HeLa cells
reduced stabilization of kinetochore MTs and this accounted for the
inappropriate chromosome attachment to spindle MTs (Y. Mao,
Columbia University, unpublished observations).
These studies point to a role for MT stabilization by mDia3 in
spindle assembly and suggest that the activity of the mDia family of
formins toward MTs is active in both interphase and mitotic cells. It
will be interesting to determine whether EB1 and APC, which
contribute to MT stabilization by mDia1 in interphase cells, also
contribute to MT capture by mDia3 at kinetochores during mitosis.
Both EB1 and APC localize to kinetochores in a MT-dependent manner
[74–76] and chromosome segregation defects have been reported in
mammalian cultured cells carrying a truncated version of APC [77,78]
or in cells depleted of APC or EB1 expression [76,79,80]. More recently,
a study combining imaging, immunodepletion and in vitro reconstitu-
tion experiments in Xenopus egg extracts has uncovered a role for APC
and EB1 in mediating kinetochore attachment to spindle MTs in
cooperation with the mitotic checkpoint kinase BubR1 [81].
Aside from their well known role in the regulation of cytokinesis
through the assembly of the actin-based cleavage furrow, forminsmay
also contribute to cytokinesis through their action on MTs (Fig. 4). In
cultured mammalian cells all three mDia isoforms localize during
cytokinesis to the central spindle, a structure composed of inter-
digitating stable MTs [82,83]. A recent study has found that mDia2
silencing by siRNA, but not that of mDia1 or mDia3, resulted in an
increased number of binucleated NIH3T3 cells and that the block in
cytokinesis was largely caused by inhibition of cleavage furrow
ingression due to the induction of actin contraction at ectopic sites
on the cell cortex [83]. The defect in cytokinesis completion was not
rescued by an mDia2 mutant deﬁcient in actin nucleation, strongly
arguing that mDia2 contributes to actin assembly necessary for the
cytokinetic ring [83]. This study does not formally rule out the
possibility that formins may also position the furrow through their
action on MTs. Also, whereas this study concluded that only mDia2
was involved in cytokinesis in NIH3T3 cells an earlier report showed
that mDia1 was also important for cytokinesis in NIH3T3 cells [82],
suggesting that more than one forminmay be involved in this process.
Independent observations of furrow positioning have reported the
Fig. 4. Schematic indicating cellular sites of formin action on MT arrays. In migratory cells formins can regulate MTs at their plus ends (I), in proximity of the centrosome (II), or
through binding along MTs (III). In cell division formins act on MT plus ends at kinetochore during mitosis (IV) and may act on central spindle MTs during cytokinesis (V).
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chromosomes, that are believed to stimulate cleavage furrow forma-
tion by interacting with the cell cortex and/or by delivering signals to
the cell cortex [84]. The nature of the MT-stabilizing or MT-delivered
signals has not yet been identiﬁed but it is interesting to note that
mDia2 also localizes to the equatorial regionwhere this class of MTs is
predicted to be stabilized [83].
6. MT stabilization in virus infection
Formins are also critical mediators of viral infections through their
action on MT dynamics. Analysis of the mechanism of infection of
human herpes virus 8 (HHV-8 also known as Kaposi's sarcoma-
associated herpesvirus) in cultured human ﬁbroblasts has shown that
Rho GTPases and their effector hDia2 (ortholog of mDia3) are
regulators of MT-dependent trafﬁcking of HHV-8 capsids towards
the nucleus where the viral DNA replication occurs [85]. In this study,
a transient reorganization of the MT cytoskeleton into bundles and
upregulation in the levels of acetylated MTs was observed early upon
viral entry [85]. The induction in MT hyperacetylation by HHV-8 was
comparable to induction by LPA and dependent on RhoA activation
[85]. In addition, co-precipitation analyses of hDia2 with Rho-GTP as
early as 1 min post-infection demonstrated that HHV-8 increases the
formation of Rho-hDia2 complexes [85]. These observations identiﬁed
hDia2 as the RhoA effector in the regulation of MT dynamics by HVV-8
infection and suggested a functional parallelism with the MT
stabilization pathway that is activated in migrating cells downstream
of LPA signaling [15,40,45,48,86].
In migrating ﬁbroblasts, localized stabilization of MTs by Rho-
mDia was shown to be dependent on integrin signaling and on the
activation of FAK, suggesting the existence of an “adhesion
checkpoint” for MT stability [86]. In this system, FAK was necessary
for the activation of mDia by Rho, and appeared to regulate the
formation and localization of lipid raft domains to mediate mDiaactivation [86]. Interestingly, HHV-8 also utilizes α3β1 integrin
molecules to infect adherent cells through the binding of its virion
envelope glycoprotein gB [87] and induction of FAK phosphorylation
was shown to be induced upon infection [88]. HHV-8 entry is
signiﬁcantly reduced in FAK-null ﬁbroblasts [89] and in the presence
of inhibitors of the cellular tyrosine kinases, Src and PI3-kinases, all
molecules known to be activated downstream of FAK [88,90,91]. A
recent study conducted in human primary endothelial cells has also
underscored an essential role for lipid rafts in the post-binding and
entry stages of infection of HVV-8 and in the HVV-8 induction of MT
stability by virus entry [92].
Vaccinia virus-induced cell motility is another example where
mDia is a key effector in viral modulation of MT dynamics. In the life
cycle of the virus, inhibition of RhoA was shown to be necessary for
virus morphogenesis and induction of host-cell motility [93]. The viral
protein F11L was shown to be responsible for RhoA inhibition by
directly competing with ROCK for RhoA interaction [93]. Loss of F11L
expression by siRNA resulted in the accumulation of immature
intracellular enveloped virus and in inefﬁcient virus spreading from
cell to cell [93]. In a follow-up study, vaccinia virus infectionwas found
to be marked by a signiﬁcant increase in the dynamics of MTs of the
infected cells at 8–10 h post-infection, resulting in loss of stability of
MTs largely concentrated at the cell periphery [94]. A combination of
imaging and loss of function analyses conﬁrmed that this induction of
MT dynamics was dependent on Rho inhibition in virus infected cells
and that mDia1 depletion mirrored the loss of MT stability observed
upon infection [94]. By analogy with the Rho-mDia dependent
stabilization of a subset of MTs in migrating cells, these results
suggest that F11L may be acting as a negative regulator of this process
to allow a successful infection cycle. Also, a marked disorganization of
cell adhesion has been reported during infection [94], suggesting that
the same Integrin-Rho-mDia dependent “cell adhesion checkpoint”
described in ﬁbroblasts needs to be shut down for efﬁcient viral
infection.
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The centrosome is reoriented along the axis of polarity in
migrating cells, in T cells interacting with their targets and possibly
in neurons during axon outgrowth [95]. The reorientation of the
centrosome biases MTs nucleated at the centrosome to align with the
axis of polarity and this in turn allows MT directed transport to
contribute to the establishment and maintenance of cell polarity.
Studies have implicated the GTPase Cdc42, the Par polarity proteins
and the MT motor dynein in centrosome orientation [95–97].
Recently, the possibility that formins also contribute to centrosome
orientation in some types of migrating cells [46,98] and in T cells [99]
has been raised. In glioma cells and in mouse embryo ﬁbroblasts
(MEFs) siRNA depletion of mDia1 prevents both the formation of
stable Glu MTs and the orientation of the centrosome to a position
between the nucleus and the leading edge [46,98]. In contrast, siRNA
depletion ofmDia1 has no detectable effect on centrosome orientation
in NIH3T3 cells (Andrés-Delgado L., Bartolini F., Gundersen G.G.,
unpublished observations). This result suggests that in NIH3T3 cells
the formation of stable Glu MTs and centrosome reorientation are
separately regulated during polarization. This is consistent with the
observation that in NIH3T3 cells centrosome reorientation occurs
when formation of stable Glu MTs is blocked experimentally
[45,48,100]. Centrosome reorientation in migrating ﬁbroblasts was
recently shown to require the concerted activity of both the actin and
MT cytoskeletons [101]. Actin retrograde ﬂow moved the nucleus
away from the leading edge while MTs, dynein and Par proteins were
required to maintain the centrosome in the cell center as the nucleus
moved rearward [101]. Thus, it is unclear whether in glioma cells or
MEFs mDia1 contributes to centrosome reorientation through its
effects on MTs, or whether its actin activity might be involved. The
possibility that formins contribute to actin retrograde ﬂow or nuclear
movement has not been explored.
When T cells engage their targets, an “immunological synapse” of
clustered T cell receptors (TCRs), signaling molecules and actin forms
at the site of interaction. T cells also reorient their centrosome to a
position between the nucleus and immune synapse and this
reorientation is important for prolonged TCR signaling as well as for
lytic functions of cytotoxic T cells and natural killer cells [102]. The
centrosome is oriented by movement toward the immunological
synapse in a process that involves MTs and dynein [103,104]. Two
formins, mDia1 and FMNL1, appear to be essential for the reorienta-
tion of the centrosome in T cells [99]. Both proteins localize in a
“cloud” around the centrosome, suggesting they may play a direct role
in centrosome positioning. It will be interesting to see whether these
formins act directly on the centrosome, centrosome MTs and/or the
actin cytoskeleton to reorient the centrosome in T cells and other cells.
8. Formin-mediated crosstalk between actin and MTs in yeast
In both budding (S. cerevisiae) and ﬁssion (S. pombe) yeast there is
no evidence that formins directly regulate MTs. Yet, there is abundant
evidence that formins mediate crosstalk between the actin and MT
cytoskeletons in these organisms. Interestingly in budding yeast,
formins indirectly affect the cytoplasmicMTarray through their action
on actin cables, whereas in ﬁssion yeast, MTs appear to affect the
localization of actin cables by controlling the localization of formins.
The budding yeast formin Bni1 was the ﬁrst formin shown to
stimulate actin polymerization and accumulated evidence suggests
that Bni1 and a second formin Bnr1 are responsible for formation of
actin cables originating from the bud tip and neck, respectively
[105–108]. These formins play an important role in cytokinesis and in
directing Myo2 and Myo4 (type V myosins) cargos toward the bud for
polarized cell growth. The actin cables generated by these formins
orient cytoplasmic MTs toward the bud and in doing so, orient the
nucleus and spindle along the mother-bud axis [109]. The mechanismresponsible for the MT orientation along the actin cables has been
established through a series of elegant studies. Myo4 binds to the
adaptor protein Kar9 which in turn binds to Bim1, the homolog of the
mammalian +TIP, EB1 [110–114]. MTs reaching the bud undergo a
controlled shrinkage while remaining attached thus drawing the
nucleus toward the bud [115]. Kip3, a plus-end kinesin, which is also
able to depolymerize MTs, may contribute to this controlled shrinkage
of the MT [116–118]. It is still unclear what anchors MTs to the cortex
to resist the pulling force exerted by the shrinking MTs.
The ﬁssion yeast formin, for3, plays an analogous role in actin cable
formation but functions during interphase at the two ends of the cell
where growth occurs [119,120]. MTs are involved in for3 function by
delivering the +TIPs tea1 (a kelch-repeat protein) and tea4 (an SH3-
domain protein) to cell tips at sites where they recruit the formin for3
[121]. Deletion of for3 disrupts cable formation and delocalizes actin
patches. MT dynamics are unchanged in for3 deleted cells, but MT
organization is altered and there is an increased number of MT
bundles, an effect that may be the result of increased cell rounding in
the for3Δ cells [119,120]. Overexpression of a truncated for3 protein,
lacking presumed regulatory domains, causes MTs to redistribute to
the periphery in large bundles [120]. In mammalian cells, this
phenotype is observed with a number of overexpressed MAPs leaving
open the possibility that for3 may more directly affect MTs in ﬁssion
yeast.
9. Formin-mediated crosstalk between actin and MTs in
higher eukaryotes
In contrast to the situation in yeast, in mammalian and insect cells,
formins directly regulate both actin ﬁlaments and MTs. When the Rho
GTPases that regulate formins become activated in mammalian and
insect cells, it follows that both cytoskeletal systems will respond
simultaneously. Although the responses will be temporally related,
they need not be spatially coupled. This seems to be the case in the
formation of actin ﬁlaments and stable MTs in mammalian ﬁbroblasts
by mDia [18]. Nonetheless, there is also evidence that some formins
can crosslink actin ﬁlaments and MTs, and in these cases, formin
activation in cells may orchestrate the formation of complex, mixed
cytoskeletal systems.
The ﬁrst observation of a role of formins in orchestrating MTs and
actin ﬁlaments in mammalian cells came from a study on the effects of
an active mDia1 fragment, containing only the FH1 and FH2 regions,
on cell shape [122]. Expression of this active mDia1 fragment in HeLa
cells not only induced actin bundles and cell elongation, but also
resulted in the alignment of MTs in parallel to the actin bundles and
the long axis of the cell [122]. Aligned MTs and actin ﬁlaments
frequently terminated in mDia1-enriched patches near focal adhe-
sions and drug treatments showed that MTs but not actin ﬁlaments
were responsible for the change in cell shape [122]. Interestingly,
mutations of three lysines in the C-terminal region of the FH2 domain
of the mDia1 construct inhibited both cell elongation and MT
alignment, suggesting that the coalignment of MTs and actin is
dependent on an intact FH2 region [122]. Coalignment of actin
ﬁlaments and MTs was also reported in the case of FHOD1, another
diaphanous-related formin that was originally shown to bind to Rac1
and induce the formation of bundled actin ﬁbers to which the formin
localizes [123–125]. Expression of constitutively active FHOD1
induced longitudinal alignment of actin ﬁbers and MTs in HeLa cells
but not NIH3T3. This phenotype required the integrity of both the FH1
and FH2 regions suggesting that actin ﬁlament-MT coalignment
required the actin nucleation activity of FHOD1 [125]. Both MTs and
actin bundles were required for FHOD1-induced cell elongation,
suggesting that in the case of FHOD1MTcoordinationwith actin ﬁbers
is a necessary condition to bring about changes in cell shape [125]. MT
and actin coalignment was also observed in HeLa cells overexpressing
INF1[19]. Whether these phenotypes reﬂect actual crosslinking of
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(FHOD1) the formin is localized on one of the ﬁlaments, whereas in
other cases (mDia1 and INF1), there is no signiﬁcant accumulation of
the formin along the ﬁlaments. Also, it is unclear why coalignment is
observed in some cells and not others.
Capu, the Drosophila homolog of mammalian formin 2, has been
proposed to directly mediate the crosstalk between the MT and the
actin cytoskeletons in developing ﬂy oocytes [17]. Mutations in Capu
and the actin nucleator Spire were previously known to result in the
premature onset of cytoplasmic streaming in Drosophila oocytes, a
process known to be dependent on both microﬁlaments and MTs
[126]. Notably, Capu, the actin nucleator spire and Rho, which binds
Spire and Capu [17], all accumulated in the region where MTs and
microﬁlaments overlap in the oocyte [17]. The isolation of a weak
allele of Capu with a mutation in the FH2 domain (capu2F) that does
not affect its actin nucleation activity, indicated that this region may
be necessary for the coordination between actin ﬁlaments and MTs
that is required in ooplasmic streaming [17]. Interestingly, in vitro
MTs/microﬁlaments crosslinking assays using puriﬁed components
showed that the FH2 domain of Capu can crosslink F-actin and MTs
and that this activity is abrogated by the capu2F mutation in the FH2
domain, suggesting that the same mutation may be working by
inhibiting crosslinking activity also in vivo [17]. The same study
provided evidence that Spire can modulate the crosslinking activity of
Capu in vitro and that this regulation is itself dependent on Rho1,
leading to a model in which Rho1, Spire and Capu are all functionally
coordinated to orchestrate the temporally regulated crosstalk
between the actin and MT cytoskeletons during germline develop-
ment in Drosophila [17]. A recent paper has challenged this model by
providing evidence for a role of Spire and Capu in oocyte streaming
through their coordinated ability to form an isotropic actin mesh in
the ooplasm that regulates the polarized arrangement of MTs rather
than through a direct role on MTs [127]. According to the authors, loss
of the actin mesh by mutations in either Capu or Spire would only
indirectly affect the polarization of the MT network by interfering
with the speed of kinesin-dependent organelle trafﬁcking, a process
known to determine the rate and the extent of ooplasmic ﬂow [127].
A type of formin mediating crosstalk in mammalian cells that is
more similar to that observed in ﬁssion yeast is observed during
macrophage phagocytosis. Macrophages have at least two pathways
for phagocytosis. One is activated by immunoglobulin binding to
surface Fc receptor and is dependent on Rac and Cdc42 signaling and
actin polymerization. The other is activated by complement binding to
complement receptor and is dependent on Rho signaling, MTs and to a
lesser extent, actin [128,129]. During phagocytosis, mDia1 accumu-
lates around the forming phagocytic cup and is necessary to stimulate
actin polymerization at this site [130,131]. A recent study revealed that
the MT +TIP, CLIP-170, was important for efﬁcient phagocytosis of
complement-coated particles and for localizing actin and mDia1 near
phagocytic sites [132]. CLIP-170 interacted directly with the FH2
domain of mDia1 in vitrowithout affectingmDia1's ability to stimulate
actin polymerization. During phagocytosis, the interaction between
CLIP-170 and mDia1 was reduced, suggesting that CLIP-170 may
contribute to mDia1 localization, but not activity. Interestingly, the
Cdc42 and Rac effector IQGAP1 has also been implicated in localizing
mDia1 (through a direct interaction with the DID domain of mDia1)
during phagocytosis and in the leading edge of migrating cells [133].
IQGAP1 forms a complex with CLIP-170 [134], raising the possibility
that at least during phagocytosis mDia1, CLIP-170 and IQGAP1
function together.
10. Concluding remarks
Growing evidence supports a role for higher eukaryotic formins in
regulating the dynamics of the MT cytoskeleton independently of
their role in actin assembly. Both FH2 and unique domains outside ofthe actin nucleation region have been mapped as discrete regions that
interact with MTs. Initial studies show that formins affect MTs in a
manner that is different from conventional MAPs and instead of
conveying stability by enhancing MT growth, enhance MT stability by
reducing subunit disassembly. Formins regulate MT stability in both
interphase and mitotic cells and seem to mediate the effects of Rho
GTPases on MTs. In addition, formins orchestrate complex actin and
MT arrays, suggesting that formins may function in many cellular
processes requiring cytoskeletal coordination.
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